Herpes simplex viruses (HSV) type 1 and 2 are among the DNA viruses interfering at multiple levels with cellular apoptotic processes important for cellular response to virus infection.^[@bib1]^ Moderate level of apoptosis were however observed in HSV-2-infected epithelial cells, in contrast to HSV-1-infected cells, which displayed consistent levels of apoptosis.^[@bib2]^ HSV-2-mediated apoptosis occurs during HSV-2 infection both *in vivo* -- in dorsal root ganglia and spinal cord pituitary gland ^[@bib3]^-- and *in vitro* -- in peritoneal macrophages,^[@bib4]^ monocytes,^[@bib5]^ dendritic cells^[@bib6]^ and human peripheral blood mononuclear cells (PBMCs).^[@bib7]^ Other studies, however, have concluded that HSV-2 can prevent apoptosis in a manner similar to HSV-1 and that the viral US3 protein kinase^[@bib8]^ and the ribonucleotide reductase^[@bib9]^ participate in blocking of the apoptotic process. Furthermore, it was shown that HSV-2 ICP10PK protein, which has a role in establishment of virus latency and reactivation, inhibits caspase-3 activation through its ability to activate Ras and the downstream survival pathways Raf-1/MEK/ERK and PI3-K/Akt.^[@bib9],\ [@bib10]^

Clinical and laboratory HSV-2 strains both induced, and subsequently blocked, apoptosis in infected HEp-2 epithelial cells and these biological features were correlated with NF-kB translocation to the nuclei of HSV-2-infected cells.^[@bib11]^ Infection of human keratinocyte cell line HaCaT with HSV-1 and HSV-2 led to a significant increase of apoptosis,^[@bib12]^ an event depending on the p63 protein, involved in the maintenance of stratified epithelial tissues. Together, these observations suggest that whether HSV-2 infection leads to apoptotic cell death or not, depends on the cell type.

The Fas/FasL system has an important role in skin and epithelial homeostasis, carcinogenesis and inflammatory skin diseases.^[@bib13],\ [@bib14]^ Epidermal keratinocytes express Fas but not FasL.^[@bib15]^ Abnormal expression of lytically active FasL was however found in inflammatory skin diseases as toxic epidermal necrolysis, atopic dermatitis and allergic contact dermatitis.^[@bib13],\ [@bib14],\ [@bib16]^ FasL elicited a proinflammatory reaction in human keratinocyte HaCaT cell line and reconstructed human epidermis by triggering the expression of stress-responsive transcription factors and inflammatory cytokines in absence of an apoptotic response.^[@bib17]^

HSV-2, but not HSV-1, was shown to inhibit cell surface expression of FasL in PBMCs and K562 leukemic cell line.^[@bib18]^ However, *in vivo* clearance of HSV-2 infection in a murine model requires Fas and perforin-dependent cytotoxic mechanisms, as mice lacking both perforin- and Fas-mediated cytolytic mechanisms were unable to completely clear the infection from the vaginal tissue.^[@bib19]^ The role of Fas/FasL system in the vaginal epithelium may thus not only be limited to the elimination of HSV-2 infected cells via apoptosis but also related to the development of inflammatory lesions preceding the induction of the local immune response to the infection.

We assessed the role of Fas during HSV-2 vaginal infection using keratinocytes and epithelial cells *in vitro* and a murine model of genital herpes. *In vitro*, HSV-2-infected cells upregulated Fas and FasL and anti-apoptotic proteins (Bcl-2, NF-*κ*B, Akt kinase) and displayed moderate levels of apoptosis only during the later stage of infection. Upregulation of Fas, FasL and Bcl-2 was noticed in the HSV-2-infected epithelium of C57BL/6 mice. In the mice, the cells undergoing apoptosis were infected cells present at the site of the lesions and uninfected, Fas-expressing, epithelial cells surrounding the HSV-2-infected sites. Experiments performed in HSV-2-infected Fas (−/−) and FasL (−/−) C57BL mice showed a reduced level of apoptosis among uninfected cells and an increased infiltration of neutrophils at the vaginal site. Our results suggest a role for Fas/FasL in the regulation of inflammatory responses at the early stages of vaginal HSV-2 infection.

Results
=======

HSV-2 infection induces moderate levels of apoptosis in epithelial cells and keratinocytes
------------------------------------------------------------------------------------------

A significantly higher number of cells, with caspase-3-specific cytokeratin 18 cleavage (M30-positive cells), was found in HSV-2-infected mouse keratinocytes (291.03C) and epithelial cells (Hepa 1--6) at 24 and 48 h postinfection (p.i.) in comparison with uninfected cultures (*P*≤0.05) ([Figure 1a](#fig1){ref-type="fig"}). Interestingly, in spite of the fact that both infected epithelial and keratinocyte cultures underwent apoptosis, the total cell number in these cultures was comparable to the control cell cultures ([Figure 1b](#fig1){ref-type="fig"}).

At 24 h p.i. (HSV-2 MOI 1--10), the number of HSV-2-infected cells reached approximately 80% of cells in culture ([Figure 1c](#fig1){ref-type="fig"}). Of these, 48.23±2.34% of HSV-2-infected epithelial cells and 45.89±4.01% of HSV-2-infected keratinocytes showed apoptotic features at 24 h p.i. ([Figure 1d](#fig1){ref-type="fig"}). At 48 h p.i., the population of HSV-2-infected epithelial cells, corresponding to 90% of cells in culture ([Figure 1c](#fig1){ref-type="fig"}), included 56.55±6.78% of apoptotic cells ([Figure 1d](#fig1){ref-type="fig"}), whereas HSV-2-infected keratinocytes included 34.93±1.29% of apoptotic cells (*P*≤0.05) ([Figure 1d](#fig1){ref-type="fig"}). These results show that at 48 h of infection, the rate of apoptosis in keratinocyte cultures decreased and in the culture remained a population of HSV-2-infected, non-apoptotic cells. HSV-2-infected epithelial cells and keratinocytes ([Figure 1e](#fig1){ref-type="fig"}) were not susceptible to staurosporine (ST)-induced apoptosis if the treatment with ST was initiated later than 4 h p.i., thus indicating that HSV-2 induces an apoptosis-resistant status in the infected epithelial cells and keratinocytes within hours from infection through the induction of anti-apoptotic proteins.

Taking into account that HSV-2-infected cells of epithelial and neuronal origin activate anti-apoptotic mechanisms dependent on Bcl-2-family and NF-*κ*B and PI3-K/Akt pathways,^[@bib11],\ [@bib20]^ we assessed the expression of Bcl-2, NF-*κ*B and Akt in HSV-2-infected epithelial cells and keratinocytes. We found that Bcl-2 was significantly upregulated in both types of cells during the entire tested period in comparison with uninfected cells (*P*≤0.05) ([Figure 2a](#fig2){ref-type="fig"}). In our experimental conditions, both HSV-2-infected cell lines showed a significant increase in NF-*κ*B activation, especially at 6 h of infection, in comparison with uninfected cells (*P*≤0.05) ([Figure 2b](#fig2){ref-type="fig"}). Between 6 and 18 h p.i., NF-*κ*B activation decreased to levels close to baseline (*P*≤0.05) ([Figure 2b](#fig2){ref-type="fig"}). Similarly, a significantly increased activity of the anti-apoptotic Akt kinase (*P*≤0.05) occurred in HSV-2-infected epithelial and keratinocyte cultures ([Figure 2c](#fig2){ref-type="fig"}).

HSV-2-infected epithelial cells and keratinocytes upregulate Fas and FasL but do not die through this receptor pathway
----------------------------------------------------------------------------------------------------------------------

Upon infection with HSV-2, mouse keratinocyte and epithelial cell cultures significantly upregulated both Fas and FasL (*P*≤0.05) ([Figures 3a and b](#fig3){ref-type="fig"}). To assess whether HSV-2-infected cells may influence Fas expression on uninfected cells, we used HSV-2 at MOI 0.1, which resulted in 50% of HSV-2-infected cells and 50% of non-infected cells in culture. The intensity of Fas expression was not only higher for HSV-2-infected cells (*P*=0.001) but also increased for non-infected cells at 24 h p.i. (*P*=0.013) ([Figure 3c](#fig3){ref-type="fig"}). A similar picture was also observed for keratinocytes, with a significant increase in Fas expression on both non-infected (*P*=0.01) and infected cells (*P*=0.004) ([Figure 3c](#fig3){ref-type="fig"}).

To assess the sensitivity of HSV-2-infected epithelial cells and keratinocytes to Fas-induced apoptosis we used an anti-mouse Fas cytotoxic antibody (Jo-1 clone). In both the Hepa 1--6 epithelial cell cultures and in keratinocytes, addition of the anti-Fas antibody to uninfected cultures resulted in an increased percentage of annexin V-positive cells after 24 h (*P*\<0.001) ([Figures 4a and b](#fig4){ref-type="fig"}). Addition of anti-Fas antibody to HSV-2-infected cultures also significantly increased Fas-mediated apoptosis (*P*\<0.05) ([Figures 4a and b](#fig4){ref-type="fig"}). FasL blocking antibody (clone MFL-4) did not decrease the numbers of apoptotic cells in HSV-2-infected epithelial cells and keratinocytes ([Figures 4a and b](#fig4){ref-type="fig"}).

Fas/FasL system has an important role in apoptosis of keratinocytes in the skin,^[@bib14]^ and keratinocytes are the main target cells for both HSV-1 and HSV-2.^[@bib21]^ Therefore, we used the anti-mouse Fas cytotoxic antibody Jo-1 to study the involvement of Fas in apoptosis of HSV-2-infected and uninfected keratinocytes. Addition of the anti-Fas antibody led to a significant decrease in HSV-2-infected cells at 24 h of infection (*P*=0.02) ([Figure 4c](#fig4){ref-type="fig"}), whereas addition of anti-FasL blocking antibody (MFL-4) caused a significant increase of HSV-2-positive cells (*P*=0.032) ([Figure 4c](#fig4){ref-type="fig"}). To verify whether the decrease in HSV-2-infected cells occurring upon incubation with the cytotoxic anti-Fas antibody could result from bystander apoptosis of uninfected cells, we measured apoptosis in cultures infected with HSV-2 at MOI 0.1, when only 50% of cells were infected at 24 h p.i. ([Figure 4d](#fig4){ref-type="fig"}). Although more HSV-2-infected cells underwent apoptosis in the cultures incubated with anti-Fas and anti-FasL antibodies, this difference was not statistically significant ([Figure 4d](#fig4){ref-type="fig"}). On the contrary, in presence of cytotoxic anti-Fas antibody, more uninfected cells were apoptotic in comparison with untreated control cells and cells treated with FasL blocking antibody (*P*≤0.05) ([Figure 4d](#fig4){ref-type="fig"}).

Fas is involved in the development of inflammatory mucosal lesions *in vivo*
----------------------------------------------------------------------------

During HSV-2 infection of C57BL/6 mice, the vaginal mucosa is subjected to development of lesions, compromising its integrity and ability to protect from the virus attack.^[@bib22]^ In our experiments, HSV-2-infected sites were present within the vaginal epithelium of C57BL/6 mice at 3 days of infection. Staining of the vaginal tissues showed that HSV-2-infected cells in the epithelium upregulated both Fas and FasL ([Figures 5a and b](#fig5){ref-type="fig"}), whereas non-infected cells surrounding the HSV-2-infected cells upregulated only Fas ([Figures 5a and b](#fig5){ref-type="fig"}). Fas and FasL expressions were also upregulated on Gr-1-positive cells (neutrophils), with only Fas showing a significant increase (*P*=0.01) ([Figure 5c](#fig5){ref-type="fig"}). In HSV-2-infected sites, apoptotic cells, defined as TUNEL-positive, were found not only among HSV-2-positive cells but also among non-infected cells ([Figure 6a](#fig6){ref-type="fig"}).

To estimate the role of Fas and FasL in the development of vaginal epithelium lesions induced by HSV-2, we infected mice with either a knockout in Fas gene (B6.MRL-*Fas*^*lpr*^/J) or a knockout in FasL gene (B6Smn.C3-*Fasl*^*gld*^/J) together with the control background strain (C57BL/6). The control, uninfected Fas (−/−) mice presented with a thin vaginal epithelium, consisting of densely packed cells, whereas uninfected FasL (−/−) mice showed no progesterone-dependent thinning of the epithelium ([Figure 6a](#fig6){ref-type="fig"}). In both Fas and FasL knockout mice, the HSV-2-infected epithelium was shedding off ([Figure 6a](#fig6){ref-type="fig"}) and apoptotic bodies could be found at all inflammatory sites ([Figure 6a](#fig6){ref-type="fig"}). A significantly higher number of TUNEL-positive cells were, however, found at the HSV-2-infected sites in Fas- and FasL-deficient mice ([Figure 6b](#fig6){ref-type="fig"}). The comparison of Fas- and FasL-deficient mice revealed that Fas (−/−) and FasL (−/−) mice showed more infected TUNEL-positive cells at the HSV-2-infected sites ([Figure 6c](#fig6){ref-type="fig"}). In Fas and FasL knockout mice, a significant increase in infiltrating Gr-1-positive cells (neutrophils) was found within the HSV-2-infected epithelium, in comparison with infected wild-type (WT) mice (*P*≤0.05) ([Figure 6d](#fig6){ref-type="fig"}).

A PCR method was used to measure DNA titers in vaginal lavages collected at day 2 of infection in mice; the results showed no differences in the titers of HSV-2 shed into the vaginal lumen in WT and Fas- and FasL-deficient mice ([Figure 6e](#fig6){ref-type="fig"}). To verify whether Bcl-2 expression is affected by the depletion of Fas and FasL, we stained for Bcl-2 during HSV-2 infection of the knockout mice. The stainings detected a common pattern of Bcl-2 expression in the middle part of the infection sites in all infected mice strains ([Figure 6f](#fig6){ref-type="fig"}).

Fas is involved in the regulation of keratinocyte inflammatory response *in vitro*
----------------------------------------------------------------------------------

To assess whether stimulation through the Fas/FasL pathway influences the induction of inflammatory responses by HSV-2-infected keratinocytes and epithelial cells, we evaluated the expression of CXCL1/2 chemokines, TNF-*α* and IL-1*β* cytokines. HSV-2 infection of keratinocytes *in vitro* led to a significant upregulation of CXCL1/2, TNF-*α* and IL-1*β* expression at 18 h of infection (*P*≤0.001) ([Figures 7a--c](#fig7){ref-type="fig"}), whereas HSV-2-infected epithelial cells upregulated CXCL1/2 ([Figure 7d](#fig7){ref-type="fig"}), TNF-*α* and IL-1*β* (data not shown). Addition of anti-Fas cytotoxic antibody to control uninfected keratinocytes led to a significant upregulation of CXCL1/2 and TNF-*α* expression at 18 h of incubation (*P*≤0.001) ([Figures 7a and b](#fig7){ref-type="fig"}). Interestingly, addition of the cytotoxic anti-Fas antibody to HSV-2-infected keratinocyte and epithelial cultures significantly abrogated CXCL1/2 expression, whereas, upon these conditions, TNF-*α* and IL-1*β* expression was abrogated only in keratinocytes (*P*≤0.05, [Figures 7a--d](#fig7){ref-type="fig"}).

To analyze how the blocking of Fas/FasL interaction influences CXCL1/2, TNF-*α* and IL-1*β* expression in HSV-2-infected keratinocyte, we used an anti-FasL blocking antibody. The anti-FasL blocking antibody showed no influence on CXCL1/2, TNF-*α* and IL-1*β* expression in uninfected keratinocytes and epithelial cells ([Figures 7a--d](#fig7){ref-type="fig"}). The biological effect of the anti-FasL blocking antibody was significantly different in HSV-2-infected cells. In fact, upon blocking of FasL, the HSV-2-infected keratinocytes significantly upregulated CXCL1/2 and IL-1*β* expression (*P*≤0.05), but not TNF-*α* ([Figures 7a--c](#fig7){ref-type="fig"}). HSV-2-infected epithelial cells incubated with anti-FasL blocking antibody significantly upregulated only CXCL1/2 (*P*≤0.05) ([Figure 7d](#fig7){ref-type="fig"}).

To verify whether the inflammatory cytokines and chemoattractants produced from keratinocytes infected and/or stimulated with the cytotoxic anti-Fas antibody exerted a chemotactic role for migration of neutrophils into HSV-2-infected vaginal tissue, we allowed neutrophils to migrate toward keratinocytes subjected to different stimuli ([Figure 7e](#fig7){ref-type="fig"}). The transwell experiment showed that Fas stimulation of uninfected and HSV-2-infected keratinocytes induced a significant migration of Gr-1-positive cells, in comparison with migration toward control, uninfected cells (*P*≤0.001) ([Figure 7e](#fig7){ref-type="fig"}). FasL blocking antibody significantly upregulated migration toward HSV-2-infected cells (*P*≤0.05), whereas Fas-stimulating antibody significantly decreased migration toward HSV-2-infected keratinocytes (*P*≤0.001) ([Figure 7e](#fig7){ref-type="fig"}).

Furthermore, staining for CXCL1/2 and IL-1*β* of the vaginal tissues from HSV-2-infected WT, Fas- and FasL-deficient mice showed a significantly increased numbers of both infected and uninfected cells expressing CXCL1/2 ([Figures 7f and g](#fig7){ref-type="fig"}) and IL-1*β* ([Figures 7f and g](#fig7){ref-type="fig"}) in Fas- and FasL-deficient mice (*P*≤0.05).

Discussion
==========

The goal of this study was to investigate the role of Fas pathway during *in vitro* HSV-2 infection of mouse keratinocyte and epithelial cells and during *in vivo* HSV-2 vaginal infection of mice. In our study, both epithelial cells and keratinocytes underwent moderate apoptosis upon HSV-2 infection but not earlier than 12 h p.i. because of the induction of anti-apoptotic pathways early during infection. Indeed, we could observe NF-*κ*B induction already at 6 h p.i. in both cell lines together with upregulated expression of the anti-apoptotic factor Bcl-2. Decreased NF-*κ*B levels could be observed before apoptosis induction, remaining at low levels throughout the follow-up time of infection in both types of infected cell cultures. Activation of the NF-*κ*B transcription factor is one of the anti-apoptotic mechanisms operating in epidermis and epithelial cells.^[@bib11],\ [@bib14],\ [@bib23]^ Observations similar to the findings presented in this paper were made during infection with HSV-1, whose genome is collinear with HSV-2.^[@bib24],\ [@bib25]^

PI3K/Akt signaling is important in apoptosis suppression of epithelial cells and keratinocytes.^[@bib14],\ [@bib26]^ In HSV-2-infected cultures of epithelial cells and keratinocytes, we detected an increase in cells positive for the active form of Akt kinase, thus implying a role for this kinase in apoptosis suppression during the later stages of HSV-2 infection *in vitro*. The involvement of Akt in protection from apoptosis was previously shown for HSV-2-infected neurons^[@bib27]^ and during HSV-1 infection of human epithelial HEp-2 cells.^[@bib28]^ Bcl-2 overexpression increased the capacity of HSV-2-infected monocytoid cells to sustain a fully productive infection, while protecting against HSV-2-induced apoptosis.^[@bib29]^ In our experiments, Bcl-2 expression was upregulated during the initial 12 h of infection, to remain at a stable, low level in the analyzed period. The induction of anti-apoptotic genes, during early events of HSV-2 infection of epithelial cells and keratinocytes, was verified by experiments conducted in presence of the proapoptotic substance ST.

It was previously shown^[@bib30]^ that human epithelial HEp-2 cells infected with HSV-1 were resistant to Fas-induced apoptosis. In our study, HSV-2-infected murine epithelial cells and keratinocytes upregulated Fas and FasL. This event should render the HSV-2-infected cells sensitive to apoptosis delivered either by FasL present on neighboring cells or through an autocrine pathway ([Figure 8](#fig8){ref-type="fig"}). However, a closer analysis showed that induction of apoptosis in the infected epithelial and keratinocytes cultures by a cytotoxic Fas antibody involved a large portion of uninfected cells, which also upregulated Fas, therefore leading to a decrease in the number of potential target cells for HSV-2 infection; this process could be diverted by the addition of FasL blocking antibody. These results show that HSV-2-infected cells are relatively resistant to Fas-induced apoptosis and that cell death of these cells likely occurs through other pathways. Fleck *et al.*^[@bib4]^ also showed that, although murine macrophages upregulated Fas and TNFR1 receptors upon HSV-2 infection, inhibition of Fas by addition of soluble Fas and blocking of TNF-*α* did not prevent HSV-2-induced apoptosis. In the human T-cell line Jurkat, HSV-2 induced apoptosis through extrinsic (death receptors) and intrinsic (mitochondrial) pathways.^[@bib31]^ Therefore, it is likely that mitochondrial pathway may also be involved in apoptosis during HSV-2 infection of epithelial cells and keratinocytes.

The role of Fas/FasL in induction of apoptosis is generally recognized.^[@bib32]^ However, evidence accumulates on Fas as a mediator of apoptosis-independent processes, including proliferation, angiogenesis, fibrosis and inflammation.^[@bib33]^ In cells resistant to Fas-induced apoptosis, activation of Fas was shown to induce activation of PI3K/AKT pathway, ultimately leading to cell migration.^[@bib34]^ Therefore, it is possible that keratinocytes may possess the ability to activate non-apoptotic pathways through Fas receptor.

In our experimental model, consisting of murine keratinocyte 03C cells, we demonstrated an increased expression of CXCL1/2, TNF-*α* and IL-1*β* in HSV-2-infected keratinocytes. Interestingly, the expression of CXCL1/2 and TNF-*α* also increased significantly when uninfected keratinocytes were stimulated with the cytotoxic Fas antibody showing their ability to mount a proinflammatory response mediated through the Fas-dependent pathway ([Figure 8](#fig8){ref-type="fig"}). However, the combination of HSV-2 infection and paracrine stimulation of the Fas pathway led to downregulation of the proinflammatory response. On the contrary, blocking of FasL during HSV-2 infection of keratinocytes led to upregulation of CXCL1/2 and IL-1*β* responses. The production of the inflammatory cytokines and chemoattractants was reflected in the migration of Gr1-positive cells toward infected keratinocytes, in that both HSV-2 infection and anti FasL blocking antibody were important mediators for this phenomenon. Furthermore, the HSV-2-infected sites in Fas- and FasL-deficient mice showed a stronger expression of CXCL1/2 and IL-1*β* in comparison with HSV-2-infected WT mice, indicating the role of Fas/FasL in regulation of the inflammatory responses within the vaginal mucosa ([Figure 8](#fig8){ref-type="fig"}).

CXCL1 and CXCL2 expression is upregulated in the vagina and in the CNS of mice during acute HSV-2 infection.^[@bib35]^ These chemokines specifically targets neutrophils through the CXCR2 receptor, promoting their chemotaxis and activation.^[@bib35]^ IL-1*β* and TNF-*α* facilitate the recruitment of neutrophils to inflammatory sites and TNF-*α* stimulates differentiation of natural killer (NK) cells, a cell population critical in the control of genital HSV-2 infection.^[@bib36],\ [@bib37]^

Vaginal lesions developed during HSV-2 infection destroy the integrity of the local mucosa and lead to increased infiltration of different types of innate immune cells, including NK cells, macrophages and neutrophils. In our study we considered the possibility that Fas/FasL system may be directly involved in the development of vaginal lesions, as part of apoptosis induction following HSV-2 infection of mice. The HSV-2-infected epithelial cells upregulated Fas, FasL and also Bcl-2 *in vivo*. These findings, together with the increased infiltration of neutrophils in Fas- and FasL-deficient mice, suggest that HSV-2-infected cells within the epithelium may be resistant to apoptosis and that Fas/FasL interactions may serve as a mechanism to reduce inflammation ([Figure 8](#fig8){ref-type="fig"}).

Depletion of Fas and FasL did not lead to significant changes of HSV-2 titers in the vaginal fluid. It is, however, possible that Fas-dependent pathway may still influence the amounts of virus retained within the tissue and affect its latency in the ganglia. In this respect, Ishikawa *et al.*^[@bib38]^ examined HSV-2 lethal infection in Fas- or FasL-deficient mice. Both the latter types of mice exhibited higher mortality than WT C57BL/6 mice after HSV-2 infection and showed significantly increased viral titers in the spinal cord compared with WT mice. However, the study^[@bib38]^ did not assess vaginal histology.

Lack of Fas and FasL in knockout mice increased the numbers of apoptotic-infected cells found at the infection sites, but decreased the numbers of uninfected cells undergoing apoptosis. However, in the deficient mice, the sites without any visible infiltration of neutrophils corresponded to sites with scarce or absent apoptotic cells; on the contrary, the sites with infiltration showed significantly higher amounts of apoptotic cells in comparison with similar sites found in HSV-2-infected WT mice. Neutrophils are the early and predominant innate immune cells, which may contribute to virus clearance through the release of the antiviral cytokines TNF-*α*, IFN-*α*, IFN-*γ*, GM-CSF or oxygen and nitrogen metabolites.^[@bib37]^ However, neutrophil-induced tissue damage by release of oxidants and proteases seen during inflammation can be controlled in part by neutrophil apoptosis,^[@bib39]^ in which Fas/FasL pathway have an important role.^[@bib39]^ Our study shows that lack of Fas and FasL in HSV-2-infected mice resulted in lack of control of the local inflammation induced by neutrophils, facilitating for apoptosis induction. Fas/FasL pathway in the vaginal mucosa appears to participate in the regulation of the local inflammation. Upon stimulation with extrinsic source of FasL (like NK cells, cytotoxic T cells, etc.), Fas-expressing cells produce proinflammatory cytokines, promoting the recruitment of neutrophils, NK cells and macrophages. However, the upregulation of FasL by epithelial cells appears to block the effects of extrinsic Fas stimulation, probably functioning as a self-regulatory mechanism. Fas and FasL upregulation by HSV-2 infected cells appears to have the role of protecting the virus from the effects of immune competent cells infiltrating the HSV-2 lesion, thus ensuring virus survival and further spreading ([Figure 8](#fig8){ref-type="fig"}).

Materials and Methods
=====================

Virus
-----

The HSV-2 strain 333 was grown and titrated in African green monkey kidney cells (GMK-AH1) and prepared by one cycle of freeze--thaw and subsequent removal of cellular debris by centrifugation.^[@bib40]^

Cell lines and *in vitro* HSV-2 infection
-----------------------------------------

The mouse epithelial Hepa 1--6 cells and mouse keratinocyte cell line 291.03C were kindly provided by M Kulesz-Martin (Department of Dermatology, Oregon Health and Science University, Portland, OR, USA). Hepa 1--6 cells were maintained in Dulbecco\'s modified Eagle medium (Thermo Fisher Scientific, Lafayette, CO, USA) with 5% glucose, 10% fetal bovine serum (FBS) and 1% antibiotics (Thermo Fisher Scientific). The 291.03C line is a 7,12-dimethylbenz\[*a*\]anthracene-initiated clone, derived from non-transformed 291 cells^[@bib41]^ and was cultured in DMEM supplemented with 5% FBS (Thermo Fisher Scientific), 10 ng/ml epidermal growth factor (Sigma, St. Louis, MO, USA) and 1% antibiotic (Sigma). The cell lines were infected with HSV-2 333 strain at MOI=10 or 0.1, incubated for up to 48 h and then collected by trypsinization or scratching. The cells were further stained with antibodies for external and internal antigens.

Apoptosis detection
-------------------

Early apoptosis was detected using Annexin V-Apoptosis detection kit I (BD Biosciences, Franklin Lakes, NJ, USA), according to the producer\'s protocol. The annexin V-positive, propidium iodide-negative cells were scored as apoptotic cells, whereas all propidium iodide-positive cells were considered to be necrotic when analyzed in FACS Scan (BD Biosciences). Staurosporine at 5 *μ*M was used as an inductor of apoptosis (positive control). To detect executive phase of apoptosis, M30 CytoDEATH Fluorescein kit was used (Roche, Indianapolis, IN, USA); the M30 antibody cytoDEATH recognizes a specific cleavage site within cytokeratin 18 that is not detectable in native cytokeratin 18 of normal cells. Before staining, the samples were permeabilized with Cytofix/Cytoperm fixation/permeabilization kit (BD Biosciences), according to the manufacturer\'s protocol and once stained, analyzed in FACS Scan (BD Biosciences) or with Leica fluorescence microscope equipped with Hamatsu C4880 cold CCD camera (Leica Microsystems GmbH, Wetzlar, Germany), after mounting in medium containing Hoechst 33342 (1 *μ*g/ml) (Sigma).

Antibodies and immunostaining
-----------------------------

For detection of cell surface antigens Fas and FasL, infected cells were collected by trypsinization and washed in 1% FBS/PBS. FITC-conjugated monoclonal hamster anti-mouse Fas antibody and PE-conjugated monoclonal hamster anti-mouse FasL antibody were used to detect surface expression of Fas and FasL (BD Biosciences). Intra-cellular antigens were detected using Cytofix/Cytoperm fixation/permeabilization kit (BD Biosciences), according to the manufacturer\'s protocol and by using the following antibodies: FITC-conjugated monoclonal hamster anti-Bcl-2 antibody (BD Biosciences), PE-conjugated monoclonal mouse anti-p65-NF-*κ*B antibody (BD Biosciences) and polyclonal rabbit anti-p-Akt (Ser 473) (Santa Cruz Biotechnology, Santa Cruz, CA, USA). HSV-2 antigens were detected using rabbit polyclonal HSV antibody (Dako, Glostrup, Denmark). TNF-*α*, CXCL1/2 and IL-1*β* were detected using Cytofix/Cytoperm fixation/permeabilization kit with Golgi plug (BD Biosciences) as described above, using polyclonal goat anti-GRO *α*/*β* (CXCL1/2) antibody (Santa Cruz Biotechnology), monoclonal hamster anti-IL-1*β* antibody (BD Biosciences) and Alexa Fluor 488-conjugated monoclonal rat anti-TNF-*α* antibody (BD Biosciences). Following incubation with primary antibodies, appropriate anti-rabbit PE or FITC-conjugated anti-goat or anti-hamster antibodies were used, where necessary (BD Biosciences).

Cell suspensions from the vaginal tissue were prepared as follows: vaginal tissues were cut into small pieces with scissors and then treated with collagenase/dispase (1 mg/ml) (Roche) in Iscove\'s medium at 37°C for 40 min. Treated tissues were pressed through a 70 *μ*m cell strainer and washed in PBS. Gr-1-positive cells were detected using anti-CD11c-APC (BD Biosciences) and anti-Ly-6G-PE (BD Biosciences), Fas, FasL and HSV-2 were detected as described above, using FITC-conjugated antibodies. For all stainings, appropriate isotype control antibodies were used. The stained cell suspensions were analyzed in FACS Scan for the percentage of positively stained cells and/or mean intensity of fluorescence. The data were further analyzed using FlowJo software (Celeza GmbH, Olten, Switzerland).

HSV-2 infection of mice
-----------------------

Female mice, 6- to 8-week old, were used for all experiments. B6. MRL-*Fas*^*lpr*^/J (Fas−/−) and B6Smn.C3-*Fasl*^*gld*^/J (FasL−/−) mice were purchased from Charles River (Dortmund, Germany). C57BL/6 mice were used as controls. Mice were injected s.c. with 2.0 mg/kg of medroxyprogesterone (Depo-Provera; Upjohn, Puurs, Belgium) in 100 *μ*l of PBS. At 6 days later, the mice were infected by intravaginal inoculation of 10^4^PFU per mice (100 LD50) of HSV-2 strain 333 in 20 *μ*l of HBSS. The animals were kept in ventilated cages under specific pathogen-free conditions at the Department of Experimental Biomedicine at the Gothenburg University. The studies were approved by the Ethics Committee for Animal Experimentation, Gothenburg, Sweden. At 3 days following intra-vaginal HSV-2 infection, the animals were killed and the vaginal tissue was used for preparation of cryostat sections.

Immunofluorescence microscopy of animal tissue
----------------------------------------------

Vaginal tissue was removed, fixed in 2% paraformaldehyde in PBS for 4 h, then washed twice in 10% sucrose in PBS over 16 h before freezing and cryosectioning. Slides were washed in PBS and used for apoptosis detection via TUNEL (Millipore, Billerica, MA, USA) or M30 CytoDEATH Fluorescein kit (Roche) according to appropriate manufacturer\'s protocols. TUNEL and M30 CytoDEATH Fluorescein detection of apoptosis in tissues was followed by incubation with anti-HSV-2 antibody (1 : 50) (Dako) and secondary anti-rabbit-IgG-PE antibody (Vector Laboratories, Burlingame, CA, USA). For Fas, FasL, Bcl-2, IL-1*β* and CXCL1/2 and HSV-2 double stainings, the slides were blocked with 3% BSA in PBS/0.1% Tween for 30 min and incubated overnight at 4°C with anti-Bcl-2, anti-Fas, anti-FasL, anti-IL-1*β* (1 : 100) (BD Biosciences) and anti-CXCL1/2 (1 : 100) (Santa Cruz Biotechnology) and anti-HSV-2 (1 : 250) antibodies in 1% BSA in PBS/0.1% Tween. This procedure was followed by 30 min incubation with goat anti-rabbit IgG-PE antibody (Dako) and goat anti-hamster-IgG-FITC or donkey anti-goat IgG-FITC antibody (Santa Cruz Biotechnology) in 1% goat serum on PBS/0.1% Tween. After mounting in medium containing Hoechst 33342 (1 *μ*g/ml), fluorescence was captured with Leica fluorescence microscope equipped in Hamatsu C4880 cold CCD camera. For all stainings, appropriate isotype control antibodies were used. An HSV-2-infected site was defined as the area of HSV-2 positive staining within the epithelium and the surrounding infiltration of neutrophils, without the sub-mucosal stromal layer.

Virus titration
---------------

The virus titers were determined as described by Namvar *et al.*^[@bib42]^ Briefly, a 118-nucleotide segment of the gB region from HSV-2 region was amplified using a HSV-2 probe labeled with JOE (6-carboxy-4′,5′-dichloro-2′,7′-dimethoxyfluorescein) in a real-time PCR instrument ABI Prism 7000 (Applied Biosystems, Carlsbad, CA, USA) and titrated as described.^[@bib42]^

Neutrophils isolation and transwell migration assay
---------------------------------------------------

Neutrophils were isolated as described by Siemsen *et al.*^[@bib43]^ and stained with PKH26 Red Fluorescent Cell Linker Kit for General Cell Membrane Labeling (Sigma) as indicated by the manufacturer. Purity of isolation was determined by Gr-1-positive staining and measured by FACS. Neutrophils migration was assayed using 24 well Transwell inserts (BD Biosciences) with 3 *μ*m pores. One million of isolated neutrophils were loaded into the top well and allowed to migrate for 6 h toward keratinocytes treated with anti-Fas antibody, anti-FasL blocking antibody, HSV-2-infected keratinocytes and HSV-2-infected keratinocytes treated with anti-Fas antibody or anti-FasL blocking antibody. Migrated cells were then collected and measured using FACS. Extent of migration was expressed as a migration index, which was defined as the number of cells that migrated in a particular assay by the number of cells that migrated toward cells kept in standard tissue culture of uninfected keratinocytes.

Statistical methods
-------------------

Quantitative data were presented as means±S.E.M. In the case of normal distribution of values, confirmed by Shapiro\'s test, statistical comparisons were performed using the Student\'s *t*-test. With non-Gaussian distributions, non-parametric Kruskal--Wallis and Wilcoxon tests were applied. In every analysis values of *P*\<0.05 were considered significant.
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Bcl-2

:   B-cell lymphoma 2

CXCL1/2

:   chemokine ligand 1/2

GM-CSF

:   granulocyte macrophage colony stimulating factor

HSV-1 or 2

:   herpes simplex virus type 1 or 2

IFN

:   interferon

IL

:   interleukin

MOI

:   multiplicity of infection

Nf-*κ*B

:   nuclear factor kappa-light-chain-enhancer of activated B cells

NK cells

:   natural killer cells

p.i.

:   post infection

PBMC

:   human peripheral blood mononuclear cell

PFU

:   plaque forming unit

PI3K

:   phosphatidylinositol 3-kinase

MEK

:   mitogen-activated protein kinase kinase

ERK

:   extracellular signal-regulated kinase

Raf-1

:   rapidly accelerated fibrosarcoma

TNF

:   tumour necrosis factor

TUNEL

:   terminal deoxynucleotidyl transferase dUTP nick-end labelling

JOE

:   6-carboxy-4′,5′-dichloro-2′,7′-dimethoxyfluorescein

FITC

:   fluorescein isothiocyanate

PE

:   phycoerythrin
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![(**a**) Kinetics of total percentage of M30-positive (apoptotic) cells in epithelial Hepa 1--6 and keratinocyte 03C cell cultures during 48 h after infection with HSV-2, (**b**) the total cell number in cultures of HSV-2-infected epithelial cells and keratinocytes (at 24 h p.i.) and in control, uninfected cultures, (**c**) the total percentage of HSV-2-infected cells in epithelial and keratinocyte cell cultures at 24 and 48 h p.i., (**d**) double-positive M30/HSV-2 cells in HSV-2-infected epithelial and keratinocyte cultures during 48 h of infection with HSV-2. (**e**) Percentage of M30-positive cells in epithelial Hepa 1--6 and keratinocyte 03C cell cultures subjected to ST (5 *μ*M), infected or not, with HSV-2 for 18 or 22 h (including 4 h infection, before staurosporine treatment) at MOI=1. Each bar represents the mean of five independent experiments (*N*=5)±S.E.M.](cddis201114f1){#fig1}

![Relative kinetics of Bcl-2 expression (**a**) and levels of active NF-*κ*B (**b**) in epithelial Hepa 1--6 and keratinocyte 03C cell cultures infected with HSV-2. (**c**) Percentage of cells with active, phosphorylated form of Akt in HSV-2-infected epithelial Hepa 1--6 and keratinocyte 03C cell cultures. The presented values for HSV-2-infected cultures were subtracted from the values obtained at the same time point for the uninfected cultures. Each bar represents the mean from five experiments (*N*=5)±S.E.M.](cddis201114f2){#fig2}

![Percentage of Fas- (**a**) and FasL- (**b**) expressing cells in epithelial Hepa 1--6 and keratinocyte 03C cell cultures infected with HSV-2 24 h p.i. at MOI=1. Intensity of Fas staining (**c**) in HSV-2-infected cells and non-infected cells present in epithelial Hepa 1--6 and keratinocyte 03C cell cultures infected with HSV-2 at 24 h p.i. (MOI=0.1). Each bar represents mean from five experiments (*N*=5)±S.E.M.](cddis201114f3){#fig3}

![Percentage of annexin V-positive cells (apoptotic cells) in epithelial Hepa 1--6 (**a**) and keratinocyte 03C (**b**) cell cultures subjected to cytotoxic Fas antibody (10 *μ*g/ml) and FasL blocking antibody (10 *μ*g/ml), infected or not, with HSV-2 for 24 h at MOI=1. (**c**) Percentage of HSV-2-infected keratinocytes at 24 h p.i. with MOI=1, in presence of cytotoxic anti-Fas antibody (10 *μ*g/ml) or FasL blocking antibody (10 *μ*g/ml). (**d**) Percentage of M30-positive cells (apoptotic cells) at 24 h after infection with MOI=0.1, in presence of cytotoxic anti-Fas antibody (10 *μ*g/ml) or FasL blocking antibody (10 *μ*g/ml) -- cells were divided into infected and uninfected keratinocytes. Each bar represents the mean from five experiments (*N*=3)±S.E.M. ^\*^Represents significant differences with *P*≤0.05, whereas ^\*\*^means *P*≤0.001](cddis201114f4){#fig4}

![(**a**) Fas and FasL expression (green) and HSV-2 antigen localization (red) in the vaginal tissue isolated from C57BL/6 mice at 3 days of HSV-2 infection. The nuclei were counterstained with Hoechst 33342 (blue). (**b**) Total percentage of Fas- and FasL-expressing cells from the vaginal tissue of control and HSV-2-infected mice and (**c**) percentage of Fas- and FasL-positive Gr-1-positive cells in cell suspensions obtained from C57BL/6 mice at 3 days of HSV-2 infection. Each bar represents the mean from three experiments (*N*=3)±S.E.M. ^\*^Represents significant differences with *P*≤0.05](cddis201114f5){#fig5}

![(**a**) Detection of apoptosis by TUNEL staining (green) and HSV-2 antigen localization (red) in the vaginal tissues from HSV-2-infected Fas (−/−), FasL (−/−) and WT (C57BL/6) mice at 3 days of infection. The nuclei were counterstained with Hoechst 33342 (blue). (**b**) Numbers of TUNEL-positive cells per 100 cells found at infected sites in the HSV-2-infected Fas (−/−), FasL (−/−) and WT (C57BL/6) mice. (**c**) Percentage of infected and uninfected TUNEL-positive cells in HSV-2-infected sites of Fas (−/−), FasL (−/−) and WT (C57BL/6) mice shown as a percentage of the total numbers of TUNEL-positive cells. (**d**) Mean numbers of Gr-1-positive cells (neutrophils) found in the inflammatory foci in the HSV-2- infected Fas (−/−), FasL (−/−) and WT (C57BL/6) mice. (**e**) HSV-2 DNA titers (copies/ml) in vaginal lavages obtained from HSV-2-infected Fas (−/−), FasL (−/−) and WT (C57BL/6) mice at day 2 of infection. (**f**) Bcl-2 expression (green) and HSV-2 antigen localization (red) in the vaginal tissue isolated from HSV-2-infected Fas (−/−), FasL (−/−) and WT (C57BL/6) mice at 3 days of infection. The nuclei were counterstained with Hoechst 33342 (blue). The bars represent mean from three separate experiments (*N*=3)±S.E.M. ^\*^Represents significant differences with *P*≤0.05, ^\*\*^*P*≤0.001](cddis201114f6){#fig6}

![Percentage of keratinocytes expressing CXCL1/2 (**a**), TNF-*α* (**b**), IL-1*β* (**c**) and epithelial cells expressing CXCL1/2 (**d**) in control and HSV-2-infected keratinocyte cell cultures at 18 h p.i. exposed or not to anti-Fas cytotoxic antibody (10 *μ*g/ml) and anti-FasL blocking antibody (10 *μ*g/ml). (**e**) Transwell migration assay with control and HSV-2-infected keratinocyte cell cultures at 18 h p.i. exposed or not to anti-Fas cytotoxic antibody (10 *μ*g/ml) and anti-FasL blocking antibody (10 *μ*g/ml). (**f**) Numbers of infected CXCL1/2 and IL-1*β* positive cells per 100 cells found at infected sites in the HSV-2-infected Fas (−/−), FasL (−/−) and WT (C57BL/6) mice at 3 days of infection (**g**) Numbers of uninfected CXCL1/2 and IL-1*β*-positive cells per 100 cells found at infected sites in the HSV-2-infected Fas (−/−), FasL (−/−) and WT (C57BL/6) mice at 3 days of infection. Each bar represents the mean from three experiments (*N*=3)±S.E.M. ^\*^Represents significant differences with *P*≤0.05, whereas ^\*\*^*P*≤0.001](cddis201114f7){#fig7}

![Schematic model on the role of Fas/FasL pathway in regulation of local inflammation during HSV-2 infection of epithelium. Upon stimulation by FasL-expressing cells, Fas-expressing cells respond by producing proinflammatory cytokines. Autocrine upregulation of FasL by epithelial cells, however, appears to block the effects of extrinsic Fas stimulation. HSV-2 infected cells, although upregulating Fas and FasL expression gain an apoptosis resistant status due to upregulation of anti-apoptotic proteins (Bcl-2, NF-*κ*B, Akt kinase)](cddis201114f8){#fig8}
